Purpose: Genetic testing has shifted from academic laboratories with expertise in specific genes to commercial laboratories that offer tests of a diverse array of genes. The purpose of this comparative study was to determine whether one academic laboratory's model of variant interpretation is similar to that of several commercial laboratories.
INTRODUCTION
Identification of a gene sequence variant of unknown significance (VUS) during clinical testing, even in well-studied genes, is commonplace. 1, 2 Laboratory professional organizations involved in clinical genetic testing offer recommendations to standardize the interpretation and reporting of sequence variants by creating classification categories and standards, 3, 4 though implementation of these guidelines is not mandatory. Regardless of the method with which the variant is identified, interpretation often combines an assessment of variant frequency in presumably unaffected populations (e.g., the Exome Aggregation Consortium, 5 the Exome Variant Server, 6 the 1000 Genomes Project 7 ); prior reports of pathogenicity; conservation across species; familial segregation; in silico analysis of predicted impact (e.g., Sorting Intolerant From Tolerant (SIFT), 8 Poly-Phen2 (ref. 9)), and clinical judgment. Ideally, variant interpreters at different clinical genetics laboratories will come to the same assessment of clinical significance if they use the same interpretative tools, data sources, and variant-classification guidelines and approaches. Nonetheless, variability in the interpretation of genetic alterations can occur between different clinical laboratories. 10 Data sharing between laboratories could help minimize discrepant variant interpretations, such as through publicly available databases like ClinVar 11 ; at present, however, the degree of laboratory participation seems to be inadequate, and the quality of the submitted variant interpretations is variable.
As a university-based clinical and research laboratory specializing in heritable connective-tissue disorders, the Collagen Diagnostic Laboratory (CDL) at the University of Washington routinely receives inquiries from genetic counselors and clinical geneticists regarding a variant identified in an outside laboratory (OL). These requests typically involve situations in which the patient had been tested during evaluation for a suspected heritable connective-tissue disorder and a variant was identified in a gene that was among those studied in the CDL. In some cases, variants were identified through whole-exome sequencing. In each instance the clinician sought additional information or reinterpretation from CDL as a "second opinion" on the variant to provide genetic counseling and recommendations to the patient and family. During the course of providing this routine clinical service, it became apparent that in some cases there were discrepancies between variant interpretations issued by the OL and evaluation by CDL. To better understand factors underlying differing interpretations, we set out to study and characterize our experience with interpretation of variants originally identified at an OL and submitted by clinicians to CDL for inquiry.
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MATeRIALs AND MeTHODs sample ascertainment
Between January 2013 and March 2014, 38 inquiries of variant interpretation from clinicians were received by e-mail or phone by either a laboratory genetic counselor or a laboratory director. The variant description was recorded and a copy of the de-identified OL report was requested to confirm the variant description and original interpretation. Demographic data were recorded at the disposition of the inquiry (Supplementary Table S1 online).
CDL investigation of variants
Upon submission of a request for interpretation, the variant was investigated by a credentialed laboratory genetic counselor and laboratory director. If a variant was previously identified in the CDL, the most recent interpretation was offered after confirmation that there were no updated informational resources. If the variant had not been previously identified in the CDL, the variant was investigated per a protocol that included searching publicly available loci-specific and population databases, referencing conservation and assessing predicted protein effects (Supplementary Chart S1 online). The referenced databases included the Osteogenesis Imperfecta/ Ehlers-Danlos Syndrome International Database, 12,13 the Universal Mutation Database FBN1 mutations database, 14 the Universal Mutation Database TGFBR1 and TGFBR2 databases, 15 and the National Center for Biotechnology Information ClinVar database. 11 At the conclusion of the investigation, variants were classified as one of the following categories based on clinical assessment of the available evidence: pathogenic, likely pathogenic, VUS, likely benign, or benign.
Comparison of interpretation and identification of discrepancies
To compare the interpretation of variants between the CDL and the OL, we reviewed the report issued by the OL and provided by the clinician to identify factors included in the variant interpretation. In some instances only the result (i.e., not the full interpretation) was available for analysis. The degree of interpretative discrepancies was categorized as follows:
1. Significant-the classification category of the variant assigned by the OL and CDL differed by two or more steps in clinical significance (e.g., benign versus VUS or pathogenic versus VUS). 2. Moderate-the classification category of the variant assigned by the OL and CDL differed by one step in clinical significance (e.g., pathogenic versus likely pathogenic or likely pathogenic versus VUS). 3. None-the classification category of the variant assigned by the OL and CDL was congruent (e.g., VUS versus VUS).
If interpretations differed between the OL and CDL, factors that could contribute to the discrepancy were identified and categorized as one of the following:
1. Private data-variant and/or additional evidence of clinical significance was not available to the OL because the CDL had not submitted variant and/or additional investigative studies to publicly accessible genetic databases. 2. Public data not referenced-variant and/or additional information that could aid in interpretation was available in a publicly accessible genetic database(s) but was not explicitly referenced in the OL's interpretation. 3. Predicted protein consequence not referencedpredicted biologic significance (i.e., the effect of the variant on protein structure and function) was not referenced in the OL's interpretation.
ResULTs summary of inquiries
Inquiries were received from genetic counselors (n = 25), clinical geneticists (n = 12), and an orthopedist (n = 1). The original genetic testing was completed in five private commercial laboratories (20 sample inquiries) and six academic laboratories (12 sample inquiries); six were from unidentified laboratories. The genes of inquiry were COL3A1 (n = 21), COL1A1 (n = 7), COL1A2 (n = 5), FBN1 (n = 2), TGFBR1 (n = 2), and TGFBR2 (1). The types of variants included missense (n = 28), intronic (n = 6), in-frame duplications (n = 2), and synonymous (n = 1). The methodology through which the variant was identified by the OL was exome sequencing (n = 6), next-generation sequencing panel (n = 17), single-gene Sanger sequencing (n = 8), or not provided (n = 7). The amount of time that elapsed between the OL's interpretation and the inquiry to the CDL was a median of 11 days (range 1-60 days) (n = 12).
Comparison of interpretation of the identified variant between the OL and CDL
The OL and CDL had concordant variant interpretations in 11 cases (29%) (Figure 1) . A significant discrepancy in interpretation occurred in 16 cases (42%). Significant discrepancies were instances in which the difference in interpretation was two or more classification categories and affected the clinical genetic diagnosis. Moderate discrepancies occurred in 11 cases (29%). These included instances in which the difference in interpretation was a single classification category and resulted in a moderate impact to clinical care in the form of additional genetic testing, delay in diagnosis, or the need for segregation studies.
evaluation of the discrepancy
To understand the reason for discordance between the OL and CDL interpretations, the OL reports were reviewed to determine the sources and resources used. Based on data provided in 24 reports available for analysis, of which 16 were for variants with discrepant interpretations, the predicted protein consequence of the variant was not referenced in the OL's interpretation in eight cases, publicly available data were not referenced in the OL's interpretation in two cases, and private data accessible only to the CDL explained the discrepancy in six cases. In 14 remaining cases, 11 of which were variants with discrepant interpretations, the OL report was not available but the OL's interpretation was provided to us by the clinician. Among these, the effect of the variant on protein structure or function did not seem to be referenced in five cases, data accessible only to CDL could have changed the interpretation in three cases, and there was no apparent reference to publicly available databases in three cases. Overall, of the 27 discrepant results, 33% seemed to be influenced by a lack of access by the OL to private CDL data, 19% seemed to be influenced by a lack of reference to publicly available data, and 48% seemed to be influenced by a lack of reference to the current understanding of the biology of the investigated gene. (see Supplementary Table S2 online)
DIsCUssION
For most of the variants in this study, the CDL was consulted because the clinician was uncertain about the clinical implication of the interpretation by the OL. In this small set of 38 instances, discrepancies in the interpretation of variants between OLs and the CDL occurred in more than half the samples. Of most concern is that nearly 50% of the discrepant interpretations are predicted to significantly affect the molecular diagnosis or clinical care recommendations. Although we do not know whether our experience with this limited set of genes and examples is generalizable, it raises concern and warrants further investigation. Uncertainty in laboratory results increases the burden of interpretation for the clinician and may lead to misdirection in medical care for the patient, at significant cost. 16 In just over half (13 of 25) of cases classified by an OL as a VUS, the CDL interpreted the variant as either definitively benign or pathogenic. In one case a variant interpreted as pathogenic by an OL was classified as benign by the CDL; in 13 other cases either moderate or significance discrepancies in classification occurred. This difference in variant interpretation makes it important to understand why different assessments were reached and to identify means by which more consistent interpretation across laboratories can be attained.
One factor that seemed to influence discrepant variant interpretation was that data accessible to the CDL from prior testing and investigation were not in public genetic databases. At present, laboratories are encouraged to submit the de-identified variants and clinical correlates to publicly available databases to allow for universal access by testing laboratories and clinicians. Four of the 12 OLs (30%) that performed the original variant interpretations investigated in this study have submitted some gene sequence variants into ClinVar, as has the CDL. Of the genes interrogated in the OL inquiries, 80% of recorded ClinVar pathogenic entries were submitted by the CDL, which reflects a low submission rate for genes associated with heritable connective-tissue disorders to date by other laboratories.
With time, the increased availability of variant data should decrease discrepant interpretations among laboratories that result because data are available to only one source. However, submission of all accrued variants from prior years and decades of testing faces the logistical challenge of insufficient laboratory resources to allocate to the task of manual curation and submission. In smaller academic laboratories especially, dedicating uncompensated personnel time to submit archives of variant data to public databases comes at a significant cost. At the CDL, this effort is undertaken piecemeal over time, which is one factor that contributed to discrepant interpretations of variants identified by OLs.
About a quarter of discrepant interpretations seemed to result from a lack of reference to data that are in publicly available databases. We could not tell whether the databases were not used, their significance was not appreciated, or the activity simply was not reported because there is not a standard description among laboratories of the resources and references used. Annotation of tools and databases used in variant interpretation should be provided and may help clinicians seeking second interpretations and assist other laboratories when testing relatives. 17 If locus-specific variant databases can be assembled in a standardized fashion (see, for example, the Leiden Open Variation Database format in the Mutation Database of Osteogenesis Imperfecta and Ehlers Danlos syndrome 13 ) and interfaced with centralized databases for efficient access and download of all variants, the ability to use them in an automated fashion may result. This should improve the concordance among laboratory interpretations as the shared information on which variant interpretation is based increases. The challenge of accurate interpretation of variants identified on a large scale by exome and genome sequencing is a focus of clinical laboratory directors and policymakers. 18 Current American College of Medical Genetics and Genomics guidelines (and the revision of those guidelines that is under way) allow for classification of pathogenicity if the variant is of the type expected to result in disease, even if novel. However, especially for missense variants, the ability to assess predicted protein consequence requires familiarity with protein structure and critical functional domains. In the absence of an intimate understanding of protein biology and knowledge of common mutational mechanisms in the associated gene, the significance of novel missense variants can be difficult to assess. For example, the triple helical domain of fibrillar collagens (types I, II, III, V, and XI) contain an uninterrupted string of Gly-X-Y triplets that extends for more than 1,000 residues. To date, virtually all substitutions for the canonical glycine residues result in gene-specific phenotypes. Five of the 38 unique variants submitted for inquiry in this study were substitutions for canonical glycine that are expected to result in disease based on fibrillar collagen biology and the common mutation mechanism in these genes. Nonetheless, four were interpreted as variants of uncertain significance presumably because they were novel or not publicly reported with sufficient supporting evidence to conclude pathogenicity. Because between 60% and 80% of diseasecausing mutations in the three collagen genes with which we have experience (COL1A1, COL1A2, and COL3A1) are familyspecific, the absence of a report in the literature or a database is an expected finding. Classification of a substitution for glycine within the triple helical domain as a VUS shifts the burden to interpret the variant to the clinician, delays diagnosis, and may lead to expensive additional testing. Although in silico analysis may be a helpful tool to guide and improve variant interpretation, more specific communication of information used in these programs, such as conservation and the nature of the substituting residue, can be informative because the programs are not vetted for clinical use and have recognized short-comings. 19, 20 The next generation of such tools, like Structural Disruption Score (SDS), 21 that predict the protein consequence of a particular nucleotide variation may provide more generalizable outcomes but do need to be validated against existing variant and clinical databases. When our understanding of the molecular blueprint of unique gene families is translated into a computational algorithm that includes the extant knowledge from large, accurate genotype-phenotype databases, the proportion of true VUSs will diminish.
As diagnostic laboratory test menus continue to expand in response to clinical demand, and with increased uptake of whole-exome/-genome sequencing, every laboratory director being familiar with the structure and function of each gene and protein in which variants are identified is untenable.
Collaboration between diagnostic laboratories and disease-specific experts or consortiums may improve the ability to interpret the significance of variants and reduce the rate of reporting VUSs, such as has been undertaken by the Evidence-based Network for the Interpretation of Germline Mutant Alleles. 22 In addition, participation in more generalized organizing bodies, such as the International Collaboration for Clinical Genomics, 23 may also aid in this endeavor. Limitations to our findings and the generalizability of our conclusions include the small number of inquiries, the absence of physical laboratory reports and the lack of details about OL interpretations in several instances, and the small family of heritable connective-tissue disorder genes interrogated. Because we were approached by clinicians who received the results from an OL, we were not privy to the full extent of information taken into consideration by the OL in its interpretation of the variant (some of which may not have been included in the reported interpretation). For this reason, we cannot exclude the possibility that other factors contributed to the discrepancy of interpretations in some instances, such as private data available only to the OL. While these limitations are important to consider in the generalization of our findings to variant interpretation on a genomic scale, this study provides insight into some factors that influence discrepant interpretations of variants by different clinical laboratories, as well as possible steps toward reducing those discrepancies.
In conclusion, our study suggests that discrepancies in variant interpretation occur between accredited clinical laboratories and that standardization of variant interpretation will be aided by expansion of the catalog of variants that are publicly available, standards for the use of investigative algorithms, and inclusion of predicted protein consequences. We propose the following measures to improve report accuracy and consistency in variant interpretation in clinical genetic testing.
1. Standardize the report format to include all the evidence considered in the variant interpretation to promote transparency of the investigative algorithm used to determine clinical significance. 2. Modify the current recommendations to allow the use of predictive algorithms, when validated, to provide better assessment of the effects of variants.
Mandate that clinical laboratories contribute all variants
and clinical correlates to publicly accessible genetic databases to improve availability of data and include this obligation as part of CLIA/College of American Pathologists certification quality assurance measures to provide an incentive for laboratory compliance. 4. Create an avenue for collaboration between clinical laboratories and disease-and gene-specific experts to aid in the interpretation and curation of variants identified in genes that they know well. 5. Create and support consortiums or networks that can define gene-specific rules for variant interpretation and support expert curation of variants for clinical use.
